A Gram-reaction-variable, strictly aerobic, motile, rod-shaped bacterium, designated strain C4-5 T , was isolated from soil of a natural cave. Cells were oxidase-and catalase-positive and formed endospores in sporangia. The 16S rRNA gene sequence comparison showed that the organism formed a distinct clade within the genus Paenibacillus and was most closely related to Paenibacillus contaminans CKOBP-6 T (5KCTC 13623 The genus Paenibacillus was created for rRNA group 3 bacilli on the basis of 16S rRNA gene sequence study with Paenibacillus polymyxa as the type species (Ash et al., 1993) and was later assigned to the family Paenibacillaceae as the type genus . During the past two decades since the creation of the genus, continuous reclassification of some species of the genus Bacillus together with descriptions of novel species have explosively increased the number of species of the genus Paenibacillus, and at the time of writing, this genus contained 162 species with validly published names (http://www.bacterio.net/ paenibacillus.html). Members of the genus Paenibacillus have been recovered from diverse environmental habitats, and are aerobic or facultatively anaerobic, endosporeforming, motile, rod-shaped bacteria that possess mesodiaminopimelic acid as the diagnostic diamino acid in the cell-wall peptidoglycan, anteiso-C 15 : 0 as the major fatty acid, MK-7 as the predominant menaquinone and DNA G+C contents of 39-59 mol% (Shida et al., 1997; Priest, 2009; Yao et al., 2014) . In this study, a novel bacterial strain was recovered from soil of a cave and its taxonomic position was examined by a polyphasic approach including morphological, physiological, chemotaxonomic and phylogenetic analyses, resulting in the proposal of a novel species of the genus Paenibacillus.
The genus Paenibacillus was created for rRNA group 3 bacilli on the basis of 16S rRNA gene sequence study with Paenibacillus polymyxa as the type species (Ash et al., 1993) and was later assigned to the family Paenibacillaceae as the type genus . During the past two decades since the creation of the genus, continuous reclassification of some species of the genus Bacillus together with descriptions of novel species have explosively increased the number of species of the genus Paenibacillus, and at the time of writing, this genus contained 162 species with validly published names (http://www.bacterio.net/ paenibacillus.html). Members of the genus Paenibacillus have been recovered from diverse environmental habitats, and are aerobic or facultatively anaerobic, endosporeforming, motile, rod-shaped bacteria that possess mesodiaminopimelic acid as the diagnostic diamino acid in the cell-wall peptidoglycan, anteiso-C 15 : 0 as the major fatty acid, MK-7 as the predominant menaquinone and DNA G+C contents of 39-59 mol% (Shida et al., 1997; Priest, 2009; Yao et al., 2014) . In this study, a novel bacterial strain was recovered from soil of a cave and its taxonomic position was examined by a polyphasic approach including morphological, physiological, chemotaxonomic and phylogenetic analyses, resulting in the proposal of a novel species of the genus Paenibacillus.
Strain C4-5
T was isolated from a soil sample of a natural cave in Jeju, Republic of Korea. The sample was collected at a distance of 3 m from the entrance of the cave. One gram of soil sample was placed in 9 ml sterile distilled water and mixed for 30 min at 30 8C. After serial dilution of the mixture, aliquots (100 ml) of the supernatant were transferred onto plates of starch-casein agar (1 % soluble starch, 0.03 % casein, 0.2 % KNO 3 , 0.2 % NaCl, 0.002 % CaCO 3 , 0.005 % MgSO 4 . 7H 2 O, 0.001 % FeSO 4 . 7H 2 O and 1.8 % agar; pH 7.2) and incubated under aerobic conditions at 30 8C for 2 weeks. The pure culture was maintained in 20 % (v/v) glycerol suspensions at 220 8C and 280 8C. For phenotypic comparison, Paenibacillus contaminans KCTC 13623 T and Paenibacillus doosanensis KCTC 33036 T were grown on nutrient agar (NA; BD) at 30 8C for 3 days. According to proposed minimal standards for describing new taxa of aerobic, endospore-forming bacteria (Logan et al., 2009) , P. polymyxa KCTC 3627 T , the type species of the genus Paenibacillus, was also included in this study.
Growth of strain C4-5 T was examined on NA, trypticase soy agar (TSA; BD), R2A agar (BD) and YMG agar ) after incubation for 6 days at 30 8C. Anaerobic growth was determined using GasPak EZ Gas Generating Pouch Systems (BD) on R2A agar incubated for 4 days at 30 8C. Gram staining was performed using a COLOR GRAM-2 kit (bioMérieux) according to the instructions of the manufacturer. Catalase and oxidase activities were examined with 3 % (v/v) H 2 O 2 and 1 % (w/v) tetramethyl-p-phenylenediamine dihydrochloride, respectively.
Colony morphology and colour were determined on NA after incubation at 30 8C for 3 days. Cell morphology and the presence of endospores were observed by using light microscopy (LM500; Leica) and phase-contrast microscopy (JP/SE-D8; Nikon) with cultures grown on NA at 30 8C for 3 days. Before observation of endospores, cells were treated at 80 8C for 15 min. The position of endospores in the vegetative cells of strain C4-5 T was confirmed with a field emission scanning electron microscope (JSM-6700F; JEOL). Cell motility tests were performed using semisolid R2A agar tubes with 0.3 % agar. The presence of flagella was checked by using transmission electron microscopy (JEM 1010; JEOL). The temperature for growth was tested at 4, 10, 20, 25, 30, 37, 42 and 45 8C on R2A agar. Salt tolerance in R2A broth with 0-10 % (w/v) NaCl (at intervals of 1 %) was examined after incubation for 7 days at 30 8C and 170 r.p.m. The pH range for growth was tested in tryptic soy broth (TSB; BD) at pH 4.0-10.0 (in increments of 1 pH unit) after incubation for 48 h at 30 8C. The TSB was prepared using the following buffer systems: 0.5 M citric acid/0.5 M sodium citrate for pH 4.0-5.0, 1 M KH 2 PO 4 /1 M NaOH for pH 6.0-8.0 and 0.5 M NaHCO 3 /0.5 M Na 2 CO 3 for pH 9.0-10.0. Salt tolerance and pH for growth were observed by measuring cell turbidity at 600 nm. Hydrolysis of casein and starch was tested on NA as described by MacFaddin (1980) . Hydrolysis of DNA was tested using DNase test agar (BD). Other physiological and biochemical properties were determined using API 20NE strips (bioMérieux) according to the instructions of the manufacturer. Assimilation of and acid production from carbohydrates were tested using API 20NE and API 50CH strips (bioMérieux), respectively, according to the instructions of the manufacturer. API strip tests were performed in triplicate to check reproducibility.
For chemotaxonomic analyses, cell biomass of strain C4-5 T was obtained by scraping growth on the surface of NA incubated for 3 days at 30 8C. Polar lipids were extracted by the procedure of Minnikin et al. (1984) and separated by two-dimensional TLC (Minnikin et al., 1977) . The spots on TLC plates were identified by spraying with molybdophosphoric acid for all lipids, a-naphthol/sulfuric acid for glycolipids, ninhydrin for aminolipids and Zinzadze reagent for phospholipids. Respiratory quinones were extracted by the method of Collins (1985) and separated by reverse-phase HPLC equipped with ODS Hypersil C18 column (HP) as described by Kroppenstedt (1985) . The type and isomer of diamino acid in the cell-wall peptidoglycan was determined by one-dimensional TLC (Staneck & Roberts, 1974) . For cellular fatty acid analyses, strain C4-5
T along with reference strains P. contaminans KCTC 13623 T , P. doosanensis KCTC 33036 T and P. polymyxa KCTC 3627 T was grown on TSA for 3 days at 30 8C. Extraction and analysis of cellular fatty acids was conducted using the Sherlock Microbial Identification System version 6 (MIDI) and TSBA6 library for identification of the resultant peaks.
For 16S rRNA gene sequencing and determination of G+C content, genomic DNA of strain C4-5
T was extracted using a Wizard DNA purification kit (Promega). The 16S rRNA gene of the strain was amplified by PCR using universal primers 27F and 1492R (Lane, 1991) and was directly sequenced using an automatic DNA sequencer (Solgent, Korea). The BLAST search program of NCBI and the EzTaxon-e server (Kim et al., 2012) were used for determining the preliminary phylogenetic affiliation of strain C4-5 T , revealing that it was most closely related to the genus Paenibacillus. The CLUSTAL_X program (Thompson et al., 1997) was used for multiple alignments of the 16S rRNA gene sequences of strain C4-5 T and related taxa showing sequence similarities .93 % with the isolate. Evolutionary distances were calculated using the method of Jukes & Cantor (1969) and were used for a tree reconstruction by the neighbour-joining (Saitou & Nei, 1987) method. The reliability of the topology of the resultant tree was evaluated by bootstrap analysis (Felsenstein, 1985) with 1000 replicates. Phylogenetic analyses were also performed with the default options of maximum-likelihood (Felsenstein, 1981) and maximumparsimony (Fitch, 1971 ) methods contained in the PHYLIP package (Felsenstein, 2002) . The DNA G+C content of strain C4-5 T was determined by HPLC of a nucleoside mixture prepared from genomic DNA according to the method of Mesbah et al. (1989) .
T showed good growth on NA, TSA and R2A agar. Cells were aerobic, Gram-reaction-variable, oxidaseand catalase-positive, motile rods (0.9-1.162.7-3.2 mm) with a monopolar flagellum (Fig. S1a , available in the online Supplementary Material). Ellipsoidal endospores were formed in sporangia and at sub-terminal position of cells (Fig. S1b ). Colonies were white-cream, circular, entire, convex and 1-2 mm in diameter on NA incubated at 30 8C for 3 days. Growth occurred at 20-42 8C (optimum 30 8C), at pH 6.0-10.0 (optimum pH 7.0) and in the presence of 0-1 % (w/v) NaCl (optimum growth in the absence of NaCl). Other physiological and biochemical properties of strain C4-5 T are shown in Table 1 and the species description.
The partial 16S rRNA gene sequence (1407 nt) of strain C4-5 T determined in this study was compared with corresponding sequences in the GenBank databases through BLAST search of NCBI, revealing that the strain belonged to the genus Paenibacillus. The highest pairwise 16S rRNA gene sequence similarity for strain C4-5 T , as calculated by using the EzTaxon-e database (Kim et al., 2012) , was with P. contaminans CKOBP-6 T (96.85 %), followed by P. . Strain C4-5 T exhibited 16S rRNA gene sequence similarities below 94.00 % to the other members of the genus Paenibacillus. In the neighbour-joining tree based on 16S rRNA gene sequences (Fig. 1) , strain C4-5 T formed a tight subclade with P. contaminans CKOBP-6 T . This relationship was also found in trees reconstructed by the maximum-likelihood and maximum-parsimony methods and was supported by a bootstrap value of 100 %.
T contained meso-diaminopimelic acid as the diagnostic diamino acid in the cell-wall peptidoglycan. The predominant respiratory quinone was menaquinone (MK)-7, which was in agreement with those of reference strains P. contaminans KCTC 13623 T and P. doosanensis KCTC 33036
T and further the description of the genus Paenibacillus (Priest, 2009 ). The polar lipids consisted of diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylglycerol, four unidentified aminophospholipids (APL1-4), an unknown phospholipid and an unknown lipid (Fig. S2) Table 2 . Strain C4-5 T revealed a fatty acid profile that consisted of saturated branched and straight-chain fatty acids, with anteiso-C 15 : 0 (44.70 %), iso-C 16 : 0 (15.83 %) and C 16 : 0 (14.16 %) as the major fatty acids (.10 % of the total), which was similar to those of the reference strains used in this study, albeit with minor differences (Table 2) . The DNA G+C content of strain C4-5 T was 54.8 mol%, slightly higher than those of P. contaminans (51.2 mol%) and P. doosanensis (48.3 mol%) reported previously (Chou et al., 2009; Kim et al., 2014) . Strain C4-5
T was further distinguished from these reference strains by some of phenotypic features (Table 1) .
On the basis of data from this taxonomic study using a polyphasic approach, strain C4-5 T represents a novel species of the genus Paenibacillus, for which the name Paenibacillus cavernae sp. nov. is proposed.
Description of Paenibacillus cavernae sp. nov.
Paenibacillus cavernae (ca.ver9nae. L. gen. n. cavernae of a cavern, the site from which the type strain was isolated).
Cells are aerobic, Gram-reaction-variable, motile and rod-shaped (0.9-1.1|2.7-3.2 mm) with a monopolar T with representatives of the genus Paenibacillus, based on the comparative study of 16S rRNA gene sequences. Asterisks indicate the corresponding branches were found in trees reconstructed using both maximum-likelihood (Felsenstein, 1981) and maximum-parsimony (Fitch, 1971) L-arabitol, gluconate and 2-ketogluconate). meso-Diaminopimelic acid is the diagnostic diamino acid in the cell-wall peptidoglycan. The major menaquinone is MK-7. The polar lipids consist largely of diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylglycerol and four unidentified aminophospholipids. The major fatty acids are anteiso-C 15 : 0 , iso-C 16 : 0 and C 16 : 0 .
The type strain, C4-5 T (5KCTC 33652 T 5DSM 100100 T ), was isolated from a soil sample inside a natural cave in Jeju, Republic of Korea. The DNA G+C content of the type strain is 54.8 mol%. (1.30 %) that consisted of iso-C 17 : 0 I and/or anteiso-C 17 : 0 B.
